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Abstract
The magnetic and magnetocaloric properties of DyCo2Cx (x = 0, 0.05, 0.1, and 0.15) alloys were investigated.
The results show that the Curie temperature (TC) of the DyCo2Cx alloys increases with increasing C content,
from 136 K (x = 0) to 152 K (x = 0.15), but the lattice parameter a of DyCo2Cx exhibits a maximum at x =
0.05. The suppression of the ac susceptibility of DyCo2Cx at low temperature indicates the enhancement of
the domain wall pinning effect by carbon doping. The positive slops of the Arrott plots of the doped
compounds indicate that the phase transition is second order for the carbon-doped alloys, and the maximum
value of the isothermal magnetic entropy change (ΔSM) for the magnetic field change of 50 kOe decreases
from −13.9 J/kg· K (x = 0) to −7.8 J/kg·K (x = 0.15). The relative cooling power (RCP) of DyCo2Cx is nearly
the same in all studied alloys, while the temperature-averaged entropy change over 10 K temperature span,
TEC(10), indicates decreasing magnetocaloric performance of carbon doped materials.
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The magnetic and magnetocaloric properties of DyCo2Cx (x = 0, 0.05, 0.1, and 0.15) 
alloys were investigated. The results show that the Curie temperature (TC) of the 
DyCo2Cx alloys increases with increasing C content, from 136 K (x = 0) to 152 K (x = 
0.15), but the lattice parameter a of DyCo2Cx exhibits a maximum at x = 0.05. The 
suppression of the ac susceptibility of DyCo2Cx at low temperature indicates the 
enhancement of the domain wall pinning effect by carbon doping. The positive slops of 
the Arrott plots of the doped compounds indicate that the phase transition is second 
order for the carbon-doped alloys, and the maximum value of the isothermal magnetic 
entropy change (∆SM) for the magnetic field change of 50 kOe decreases from -13.9 
J/kg∙K (x = 0) to -7.8 J/kg∙K (x = 0.15). The relative cooling power (RCP) of DyCo2Cx 
is nearly the same in all studied alloys, while the temperature-averaged entropy change 
over 10 K temperature span, TEC(10), indicates decreasing magnetocaloric 
performance of carbon doped materials. 
 
 
 
 
 
 
 
Keywords: Magnetocaloric effect; Entropy change; Magnetic cooling; Phase transition; 
intermetallic compound; Carbon doping. 
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1．Introduction 
Magnetic cooling is a promising alternative to the traditional vapor compression 
refrigeration because of high efficiency of the magnetization-demagnetization 
processes and reduced environmental impact [1]. Compounds possessing large 
magnetocaloric effect (MCE), among them Gd5(Si,Ge)4, La(Fe,Si/Al)13, MnFePAs, and 
other rare earth (R) intermetallic alloys, such as, for example, RCo2 Laves phase 
compounds, have been broadly studied [2-11] for their application as magnetic 
refrigerants both at and below room temperature. The rare earth (R) intermetallics RCo2 
(R=Dy, Ho, Er) possess large MCE due to the first-order itinerant-electron 
metamagnetic (IEM) transitions [9-11], similar to those occurring in La(Fe,Si)13 
compounds with low Si concentrations [4]. The maximum reported isothermal 
magnetic entropy changes (∆SM) of RCo2 (R=Dy, Ho, Er) for the magnetic field change 
(∆H) of 50 kOe are -11.4, -23.2 and -33.0 J/Kg·K at the magnetic phase transition 
temperatures of 139, 81 and 35 K, respectively [12-14]. Even though their relatively 
low Curie temperature (TC) makes application of these materials at room temperature 
impossible, they, and other similar rare earths based Laves phase compounds, such as 
RAl2, hold a significant promise for the low-temperature refrigeration, for example, for 
H2 liquefaction [15]. At the same time, the TbCo2 and GdCo2 have higher TC’s, about 
231 and 405 K, respectively, but the magnetic phase transitions in these alloys are 
second-order, which results in smaller values of ∆SM, namely -6.9 J/kg∙K (∆H = 0-50 
kOe) for TbCo2 and -1.5 J/kg∙K (∆H = 0-20 kOe) for GdCo2 [16, 17]. According to 
Khmelevskyi and Mohn, the first-order magnetic phase transitions (FOMTs) of RCo2 
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(R=Dy, Ho, Er) alloys are related to the IEM transitions of the Co sublattice, which 
occur only over a certain range of lattice constants [10]. In addition, spin fluctuations 
play a role in TbCo2 suppressing the first order of the phase transition [10]. 
The TC of the intermetallic compound RCo2 could be adjusted by chemical 
substitution [18], With the goal to increase the Curie temperature of DyCo2 by 
expanding the crystal lattice, elemental substitutions, e.g. replacing Dy by Tb and Gd 
[19-22] or substituting Co by Si, Fe, and Ga have been performed [23-25]. The phase 
transition temperatures of all substituted compounds indeed increase compared with 
pure DyCo2[14, 26], but the MCE either decreases or remains nearly the same. The 
expansion of the unit cell takes the alloy system closer to the critical lattice parameter 
a = 7.22 Å, above which the Co sublattice is magnetically stable (no IEM transition), 
and consequently results in the increase of TC [14] but also in the change of the phase 
transition order from first to second. 
In addition to the elemental substitutions, the lattice of RCo2 can also be expanded 
by doping with the interstitial elements such as carbon (C) and boron (B). Previously, 
we observed that the introduction of B into DyCo2 lattice indeed increases the TC but 
changes the order of the magnetic phase transition from first to second [11]. In this 
experimental work, we focus on the effects of carbon doping on the crystal structure, 
magnetic, and magnetocaloric properties of DyCo2. 
2. Experimental   
The DyCo2Cx alloys (x = 0, 0.05, 0.1, and 0.15) were prepared by arc-melting the 
constituents in Zr-gettered argon atmosphere on a water-cooled Cu hearth. The Dy 
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metal was prepared by the Materials Preparation Center of the Ames Laboratory [27] 
and it was 99.8 at. % (99.97 wt. %) pure with the major impurities given in at. ppm (wt. 
ppm), as follows: O-802(79), C- 1271(94), N-104(9), Hf-109(120). The Co metal of 
99.95 wt. % purity was purchased from Alfa Aesar Inc. The purity of C was 99.5 wt. %. 
The arc-melted ingots were sealed in evacuated silica tubes and annealed at 1170 K for 
6 days then quenched in ice-water slurry. Structural and phase analysis was performed 
by collecting the X-ray powder diffraction (XRD) patterns at room temperature on a 
PANalytical X’Pert Pro diffractometer with Cu Kα1 radiation. The lattice parameters 
and concentrations of the impurity phase (in samples with x = 0.1, 0.15) were calculated 
by the Rietveld method using the LHPM Rietica software [28]. Microstructures were 
investigated by scanning electron microscopy (SEM) using a JEOL-6060 (20 kV) 
microscope. Magnetic properties were measured by superconducting quantum 
interference device magnetometer (SQUID), model MPMS-XL7 from Quantum 
Design Inc. The magnetic ordering temperatures were determined as the minima in the 
dM/dT plots. The MCE parameters were calculated using the magnetic measurements 
data. 
3. Results and discussion 
The X-ray powder diffraction patterns of DyCo2Cx (x = 0, 0.05, 0.1 and 0.15) 
measured at room-temperature are shown in Fig. 1. The major phase in all alloys is the 
C15 Laves phase with the cubic MgCu2-type structure (space group 𝐹𝐹𝐹𝐹3�𝑚𝑚 ). The 
impurity phase DyCoC with the YCoC-type structure (space group 𝑃𝑃4/𝑚𝑚𝑚𝑚𝑚𝑚 ) is 
observed when x = 0.1 and 0.15, and its Bragg peaks are marked with diamonds in Fig. 
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1; the concentrations of DyCoC phase determined by the Rietveld method are ~6.5 wt.% 
and ~11.0 wt.%, respectively. The impurity phase DyCoC is also identified in the 
backscatter electron images as the dark phase indicated by an arrow in Fig. 2(b). The 
lattice parameters of DyCo2Cx do not change linearly with the concentration of C (Table 
1), which is different from the monotonous increase of the lattice parameters of the B 
doped alloys [11]. The DyCo2C0.05 compound has the largest lattice parameter of 
a=7.207(1) Å, but it drops slightly to 7.199(1) Å for DyCo2C0.15 where some broadening 
of the XRD peaks (when compared to DyCo2) is observed. It is known that MgCu2-
type Laves phases may be rare earth deficient [29]. Hence, when carbon addition results 
in the precipitation of DyCoC, the mass balance requirement induces formation of Dy 
vacancies in Dy1-yCo2Cx, which results in reduction of the unit cell. This reduction, 
however, is minor, i.e., y is small, and the deficiency in Dy occupation cannot be 
reliably confirmed from Rietveld refinement.  
 
 
Fig. 1. The powder XRD patterns of the DyCo2Cx alloys (x=0, 0.05, 0.1, and 0.15). The 
upper set of vertical bars indicates the calculated positions of the noticeable Bragg 
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peaks of the DyCoC impurity phase with the YCoC-type structure, while the lower set 
of bars corresponds to the calculated positions of the Bragg peaks of the DyCo2 Laves 
phase with the MgCu2-type structure. The diamonds refer to the Bragg peaks of DyCoC 
impurity. 
 
     
Fig. 2. SEM microstructure of DyCo2 (a) and DyCo2C0.15 (b) alloy. The “pattern” in 
the matrix of DyCo2C0.15 is also observed in DyCo2 under higher magnification (not 
shown) and is likely present due to minor surface corrosion during sample polishing. 
 
The SEM imaging confirms the inhomogeneous microstructure in the alloys with high 
C concentration as shown in Fig. 2b. Apparently, the DyCo2Cx solid solution is 
terminated slightly above x = 0.05 (see also magnetization data below). 
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The zero-field-cooled-heating (ZFC) and field-cooled-cooling (FCC) magnetization 
curves of DyCo2Cx (x = 0, 0.05, 0.1, and 0.15) are shown in Fig. 3. The Curie 
temperatures of the doped samples increase from 136 K (x = 0) to 152 ± 1 K (x = 0.1 
and 0.15), as listed in Table 1. Carbon doping is ~30 % more efficient in increasing the 
TC when compared to the doping with B [11]. 
 
Table 1. Lattice parameter and magnetic properties of DyCo2Cx (x = 0, 0.05, 0.1, and 
0.15). Maximum isothermal magnetic entropy change, ∆SM, Relative Cooling Power, 
RCP, and Temperature-Averaged Entropy Change, TEC, are reported for the ∆H = 50 
kOe. 
x(C) Lattice 
parameter, 
a (Å) 
Curie 
temperature,  
TC (K) 
∆SM  
(J/kg∙K) 
RCP 
 (J/kg) 
TEC(10) 
(J/Kg∙K) 
0 7.191(1) 136(1) -13.9 302 12.81 
0.05 7.207(1) 146(1) -9.6 283 9.13 
0.1 7.204(1) 151(1) -8.7 323 8.33 
0.15 7.199(1) 152(1) -7.8 302 7.63 
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Fig. 3. The temperature dependence of magnetization of the DyCo2Cx alloys (x = 0, 
0.05, 0.1, and 0.15) measured in 100 Oe field. 
 
The increase occurs in the single phase terminal solid solution of C in DyCo2 (x = 
0 to x = ~0.05, although the TC of x = 0.1 is still higher than that of x =0.05 (146 K)), 
while the TC’s of the samples with x = 0.1 and x = 0.15 are equal within experimental 
error. This correlates well with the compositional dependence of the lattice parameters, 
which also confirms the termination of the DyCo2Cx solid solution at or above x = 0.05. 
The initial increase of Curie temperatures in the DyCo2Cx solid solution is due to unit 
cell expansion, which leads to the increased magnetic stability of itinerant Co sublattice 
[10]. Below TC, the DyCo2 compound is ferrimagnetic. The magnetically polarized Co 
sublattice orients antiparallelly to the Dy sublattice [30]. The magnetic phase transition 
temperature of the impurity phase DyCoC is much smaller than that of DyCo2Cx, being 
6.8 K as determined from the heat capacity [31] or 8 K from a magnetization 
measurement [32]. The difference between ZFC and FCC curves of DyCo2Cx (x =0, 
0.05, 0.1) below TC increases with increasing C content. However, the ZFC-FCC 
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difference for DyCo2C0.15 is smaller than that for DyCo2C0.1 although it is larger than 
that for DyCo2. This data show that in DyCo2 the narrow domain wall pinning effect 
only plays a role at low temperature [26], while the doped samples show stronger 
domain wall pinning effect due to C doping. 
To further study the magnetic properties of DyCo2Cx (x = 0, 0.05, 0.1, and 0.15) ac 
magnetic susceptibility measurements were carried out from 5 K to 225 K as shown in 
Fig. 4. From Fig. 4(a) it can be seen that the real component, χ′, of DyCo2 is nearly zero 
below 36 K because of the narrow domain wall pinning effect. Above 36 K, the domain 
walls get enough thermal energy to counterbalance the pinning effect resulting in the 
rapid increase of susceptibility. The sharp drop of the susceptibility curve of DyCo2 at 
TC (136 K) corresponds to the ferrimagnetic to paramagnetic phase transition [33]. 
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Fig. 4. The ac magnetic susceptibility of the DyCo2Cx (x = 0, 0.05, 0.1, and 0.15) alloys 
measured as a function of temperature. (a) The ac susceptibility of the DyCo2Cx alloys 
at the frequency of 100 Hz. (b) The ac susceptibility of the DyCo2C0.1 alloy measured 
with the ac frequency ranging from 1 to 1000 Hz. The inset is the enlarged peak of (b). 
Compared to DyCo2, all of the doped samples have relatively sharp ac susceptibility 
peaks just below their TC. The critical temperature for the domain walls responding to 
the ac magnetic field, determined as the maximum of the dχ’/dT vs. T plot (not shown), 
increases from 55 K for DyCo2 to ~140 K for the doped compounds due to the 
enhancement of the domain wall pinning effect introduced by the C doping. The trend 
is the same as in the B doped alloys [11]. The small anomaly in the ac susceptibility 
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curve of DyCo2C0.15 at 9 K, indicated by the arrow in Fig. 4(a), is close to the phase 
transition temperature (TN = 8 K) of the impurity phase DyCoC [32]. The DyCoC phase 
is clearly present in the DyCo2C0.15 sample (Figs. 1 and 2b), therefore, the anomaly at 
9 K results from the magnetic phase transition of DyCoC. 
The frequency dependence of the ac susceptibility below TC caused by the narrow 
domain wall pinning effect is weak in the C doped samples, which is similar to the B 
doped samples [11]. It is known that the frequency dependence of the ac susceptibility 
is a common signature of a spin glass system. But in our case the maxima of all of the 
ac susceptibility peaks of doped samples measured with different frequencies are 
overlapping, ruling out the possibility of a spin glass system in the C doped samples 
since there is no frequency dependence of the peak temperature [34]. The ac 
susceptibility data for the DyCo2C0.1 are shown in Fig. 4(b) as an example.  
 
Fig. 5. Arrott plots of the DyCo2Cx alloys (x=0, 0.05, 0.1, and 0.15). 
 
 
The Arrott plots of DyCo2Cx (x=0, 0.05, 0.1, and 0.15) at temperatures just above 
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their respective TC’s are shown in Fig 5. The negative slope of the M2 vs H/M plot for 
DyCo2 is the signature of the first-order phase transition occurring in this compound 
[35]. The Arrott plots for all of the C doped samples have positive slopes indicating the 
second-order magnetic phase transitions. Hence, carbon doping leads to a change in the 
order of the phase transition in DyCo2Cx from the first to second, similarly to the B 
doped samples [11]. 
 
 
Fig. 6. Temperature dependence of the isothermal magnetic entropy change of the 
DyCo2Cx alloys (x = 0, 0.05, 0.1, and 0.15) for the magnetic field change of ΔH = 0-50 
kOe. The maxima of magnetic-entropy-change peaks of the C doped samples are at the 
same temperature, 146 K, ~10 K above that of the DyCo2 compound. 
 
The entropy change was calculated from the isothermal magnetization data using 
the Maxwell relation ∆S(T, H) = ∫ (𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕)𝐻𝐻𝐹𝐹𝑑𝑑𝐻𝐻0 . As shown in Fig. 6, the maxima 
of -ΔSM(T) plots of the DyCo2Cx alloys (x = 0, 0.05, 0.1, and 0.15) decrease from 13.9 
J/kg∙K for x = 0 to 7.8 J/kg∙K for x = 0.15 (see Table 1), mainly because C doping 
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changes the order of the magnetic phase transition in DyCo2Cx from first to second. The 
TCs of the DyCo2 and DyCo2C0.05 samples are 136 K and 146 K, respectively, which 
are the same as the temperature of the maxima of the magnetic entropy change, TMmec 
(maximum magnetocaloric affect is typically observed at the point where the change of 
magnetization with applied magnetic field (dM/dH) is the largest, which usually occurs 
at or near the TC). However, for DyCo2C0.1 and DyCo2C0.15 both the TC and TMmec 
remain the same within experimental error due to solid solution breakdown. This result 
is different from that of the DyCo2Bx alloys where monotonous increase of both Tc and 
TMmec with x(B) was observed [11].  
The relative cooling power (RCP) was calculated by the following equation: 
FWHMTSRCP δ×∆−=
max           (1) 
where FWHMTδ  is the full width at half maximum of -ΔS vs. T curve. 
The RCPs of the DyCo2Cx alloys (x=0, 0.05, 0.1, and 0.15) are listed in Table 1. The 
doped alloys preserve the RCP of the parent alloy although the maximum of -ΔSM 
decreases, because the FWHMTδ  increases from 22 K (x= 0) to 39 K (x = 0.15) with C 
doping. This example illustrates the weakness of using RCP as a reliable figure of merit 
(FOM) for the estimation of material’s magnetocaloric properties – no matter how low 
is the isothermal magnetic entropy change one can still obtain large RCP since the 
δTFWHM parameter increases. Recently, the temperature-averaged entropy change TEC 
has been suggested as a more suitable indicator of materials utility for magnetocaloric 
cooling [36]: 
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𝜕𝜕𝑇𝑇𝑇𝑇(𝛥𝛥𝜕𝜕lift) = 1𝛥𝛥𝜕𝜕lift 𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇mid
⎩
⎪
⎨
⎪
⎧
� 𝛥𝛥𝛥𝛥(𝜕𝜕)𝛥𝛥𝐻𝐻,𝑇𝑇𝐹𝐹𝜕𝜕𝑇𝑇mid+𝛥𝛥𝑇𝑇lift2
𝑇𝑇mid−𝛥𝛥𝑇𝑇lift2 ⎭⎪⎬
⎪
⎫
 (2). 
ΔTlift is the desired temperature span of the device. Tmid is the temperature at the center 
of the average chosen by sweeping over the available ΔS(T)ΔH,T data and selecting the 
value that maximizes TEC(ΔTlift) for the given ΔTlift [36]. The calculated TEC(10) for 
the DyCo2Cx alloys (x=0, 0.05, 0.1, and 0.15) are listed in Table 1 (“10” corresponds to 
the value of the temperature lift, i.e. ΔTlift = 10 K). TEC clearly indicates the 
diminishing magnetocaloric performance in materials with higher x(C), which is fully 
expected due to the loss of the first-order character of the associated phase 
transformation.  
4. Conclusions 
The influence of carbon doping on the magnetic and magnetocaloric properties of 
DyCo2 was investigated. The DyCo2Cx interstitial solid solution is terminated when the 
amount of C is between 0.05 and 0.10. The minor C doping increases the lattice 
parameter from 7.191 to ~7.206 Å, and the Curie temperature from 136 K to ~151 ± 1 
K. The large difference of ZFC and FCC magnetization curves of the doped samples 
results from the domain wall pinning effect, which is strongly enhanced by the 
precipitation of an impurity phase DyCoC in samples with higher x(C). The maximum 
isothermal magnetic entropy change of the doped alloys decreases, because the order 
of the magnetic phase transition changes from first to second by C doping. Despite the 
obvious drop in MCE performance the relative cooling power, RCP, remains the same 
for the doped alloys due to broader MCE peaks, while the recently introduced 
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temperature-averaged entropy change figure-of-merit, TEC, decreases in the carbon-
doped materials. 
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